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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
In this paper, a new fatigue limit estimation scheme for austenitic stainless steel based on the dissipated energy is proposed.  The 
new scheme utilizes the phase 2f lock-in infrared method which is a technique for improving the accuracy of a dissipated energy 
measurement, and evaluates the fatigue limit based on the increasing rate of dissipated energy.  This scheme is applied to the pre-
strained austenitic stainless steel specimen.  The fatigue limit of austenitic stainless steel specimen is increased by the plastic 
forming process.  The phase 2f lock-in infrared method can remove the apparent dissipated energy which is caused by 
thermoelastic temperature change due to harmonic vibration of fatigue testing machine.  The estimation scheme based on the 
increasing rate of dissipated energy against the stress level can evaluate the fatigue limit of the pre-strai ed specimen with greater 
accura y than the conventional scheme.   
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1. Introduction 
Mechanical properties for material strength such as fatigue limit are important parameters for structural design.  
Conventional laboratory fatigue tests based on 10 million stress cycles takes more time and cost.  Therefore, fatigue 
limit estimation based on the issipated energy measurement using infrared thermography has been getting an 
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increasing attention in various industrial fields (Luong, 1992).  The analysis of fatigue with infrared thermography 
has been performed considering different approaches, such as (1) the measurement of the superficial temperature 
(Luong,1992), (2) the evaluation of the thermal heat sources (dissipative source envaluation) (Krapez, 2000) and (3) 
the evaluation of the thermoelastic source and phase thermoelastic signal (Palumbo and Galietti, (2014)).  Only few 
works have proposed an automatic and iterative estimation procedure based on the measurement results with infrared 
thermography by Luong (1995, 1998) and Cura (2005).  In this study, the new fatigue limit estimation scheme is 
proposed.  Fatigue limit of steels is affected by plastic forming process.  The new fatigue limit estimation scheme is 
applied to the pre-strained specimen for discussing the effectiveness of this scheme.   
 
Nomenclature 
a Stress amplitude  
w Fatigue limit 
’w Fatigue limit estimation by conventional method 
”w Fatigue limit estimation by the new estimation method 
TE Thermoelastic temperature change 
TD Temperature change due to the energy dissipation 
q  Dissipated energy 
 Phase difference between the temperature change due to the energy dissipation and the wave with the 
double frequency of thermoelastic temperature change 
 
2. Dissipated energy and fatigue limit estimation 
Temperature rise is observed under compressive stress, and temperature fall is observed under tensile stress, as 
shown in Fig. 1. This phenomenon is called as thermoelastic effect. Thermoelastic temperature change ΔTE is 
formulated by thrmoelastic coefficient k, absolute temperature T, and sum of principal stresses Δσ, as shown in the 
following equation. 
 ΔTE = − k T Δσ (1) 
The thermo-elastic temperature change ΔTE is a reversible phenomenon.  In the actual case, temperature rise due 
to irreversible energy dissipation ΔTD occurs at the maximum tensile stress and at the maximum compressive stress. 
Thus, the measured temperature change T(t) on the surface includes ΔTE and ΔTD.  Therefore, temperature change 
due to dissipated energy ΔTD can be obtained as the component having double frequency of the load signal using 
basically Fourier analysis.  Dissipated energy q is calculated from ΔTD, density  and specific heat c of material.  
               
Fig. 1 Schematic illustration of temperature change                      Fig. 2  Change of dissipated energy and the fatigue  
due to the thermoelasticity and energy dissipation                        limit estimation based on dissipated energy. 
 Author name / Structural Integrity Procedia 00 (2016) 000–000  3 
 Dρq c T    (2) 
In the fatigue limit estimation based on dissipated energy, the dissipated energy is measured for various levels of 
stress amplitude during short time cyclic loading (staircase-like stress level test). It is known that the change of 
dissipated energy shows sharp increase from a certain stress level, as shown in Fig. 2.  The estimation scheme is 
summarized as follows (Irie and Inoue, (2010)); 
(1)  The measured results are divided into two groups, and an approximate straight line is generated for each group. 
The residual sum of squares for each group is calculated about some grouping.  The grouping which minimizes the 
residual sum of squares is decided as the suitable one.   
(2)  The point where the two approximate straight lines cross is determined as the estimated fatigue limit. 
3. Experimental set-up 
The material under test is JIS type 316L austenitic stainless steel.  The geometry of specimen is shown in Fig. 3. 
The specimens were subjected to unidirectional pre-straining at levels of 6% and 15% (total strain).  Full reversed 
cyclic axis loading (R=-1) with a frequency of 5 Hz was applied to the specimen by the electrohydraulic servo 
fatigue testing machine.   
Temperature change on the specimen surface was measured by infrared thermography with a MCT array detector.  
Dissipated energy are obtained from measured temperature change by two types of lock-in algorism, one using 
basically Fourier analysis and the other using Fourier analysis with phase information of dissipated energy (phase 2f 
lock-in infrared method) (3).  The double frequency component of temperature change on the specimen includes the 
influence of the energy dissipation and harmonic vibration of the fatigue testing machine.  The phase difference 
between the temperature change due to the energy dissipation and the wave with double frequency of thermoelastic 
temperature change  is a specific value  (Shiozawa and Sakagami, (2015)).  The phase 2f lock-in infrared method 
utilizes a specific phase of the dissipated energy, as following equation;  
   loadD
0 meas









                (3) 
where fload and fmeas are the load frequency and the measurement frequency of the thermal camera, respectively.  A 
correlation with a negative value is set to zero.  The phase 2f lock-in infrared method is effective for removing the 
noise component such as the thermoelastic temperature change due to the harmonic vibration of fatigue testing 
machine.   
4. Results and discussion 
S-N curves for reference specimen (0% specimen) and pre-strained specimen (6% specimen) are shown in Fig. 4.  
The fatigue limit for 0% and 6% specimens are determined around 250 and 315MPa from Fig. 4, respectively.  The 
        
Fig. 3  Geometry of specimen.                                                        Fig. 4  S-N curves 
 Daiki Shiozawa et al. / Procedia Structural Integrity 2 (2016) 2091–2096 20932 Author name / Structural Integrity Procedia  00 (2016) 000–000 
increasing attention in various industrial fields (Luong, 1992).  The analysis of fatigue with infrared thermography 
has been performed considering different approaches, such as (1) the measurement of the superficial temperature 
(Luong,1992), (2) the evaluation of the thermal heat sources (dissipative source envaluation) (Krapez, 2000) and (3) 
the evaluation of the thermoelastic source and phase thermoelastic signal (Palumbo and Galietti, (2014)).  Only few 
works have proposed an automatic and iterative estimation procedure based on the measurement results with infrared 
thermography by Luong (1995, 1998) and Cura (2005).  In this study, the new fatigue limit estimation scheme is 
proposed.  Fatigue limit of steels is affected by plastic forming process.  The new fatigue limit estimation scheme is 
applied to the pre-strained specimen for discussing the effectiveness of this scheme.   
 
Nomenclature 
a Stress amplitude  
w Fatigue limit 
’w Fatigue limit estimation by conventional method 
”w Fatigue limit estimation by the new estimation method 
TE Thermoelastic temperature change 
TD Temperature change due to the energy dissipation 
q  Dissipated energy 
 Phase difference between the temperature change due to the energy dissipation and the wave with the 
double frequency of thermoelastic temperature change 
 
2. Dissipated energy and fatigue limit estimation 
Temperature rise is observed under compressive stress, and temperature fall is observed under tensile stress, as 
shown in Fig. 1. This phenomenon is called as thermoelastic effect. Thermoelastic temperature change ΔTE is 
formulated by thrmoelastic coefficient k, absolute temperature T, and sum of principal stresses Δσ, as shown in the 
following equation. 
 ΔTE = − k T Δσ (1) 
The thermo-elastic temperature change ΔTE is a reversible phenomenon.  In the actual case, temperature rise due 
to irreversible energy dissipation ΔTD occurs at the maximum tensile stress and at the maximum compressive stress. 
Thus, the measured temperature change T(t) on the surface includes ΔTE and ΔTD.  Therefore, temperature change 
due to dissipated energy ΔTD can be obtained as the component having double frequency of the load signal using 
basically Fourier analysis.  Dissipated energy q is calculated from ΔTD, density  and specific heat c of material.  
               
Fig. 1 Schematic illustration of temperature change                      Fig. 2  Change of dissipated energy and the fatigue  
due to the thermoelasticity and energy dissipation                        limit estimation based on dissipated energy. 
 Author name / Structural Integrity Procedia 00 (2016) 000–000  3 
 Dρq c T    (2) 
In the fatigue limit estimation based on dissipated energy, the dissipated energy is measured for various levels of 
stress amplitude during short time cyclic loading (staircase-like stress level test). It is known that the change of 
dissipated energy shows sharp increase from a certain stress level, as shown in Fig. 2.  The estimation scheme is 
summarized as follows (Irie and Inoue, (2010)); 
(1)  The measured results are divided into two groups, and an approximate straight line is generated for each group. 
The residual sum of squares for each group is calculated about some grouping.  The grouping which minimizes the 
residual sum of squares is decided as the suitable one.   
(2)  The point where the two approximate straight lines cross is determined as the estimated fatigue limit. 
3. Experimental set-up 
The material under test is JIS type 316L austenitic stainless steel.  The geometry of specimen is shown in Fig. 3. 
The specimens were subjected to unidirectional pre-straining at levels of 6% and 15% (total strain).  Full reversed 
cyclic axis loading (R=-1) with a frequency of 5 Hz was applied to the specimen by the electrohydraulic servo 
fatigue testing machine.   
Temperature change on the specimen surface was measured by infrared thermography with a MCT array detector.  
Dissipated energy are obtained from measured temperature change by two types of lock-in algorism, one using 
basically Fourier analysis and the other using Fourier analysis with phase information of dissipated energy (phase 2f 
lock-in infrared method) (3).  The double frequency component of temperature change on the specimen includes the 
influence of the energy dissipation and harmonic vibration of the fatigue testing machine.  The phase difference 
between the temperature change due to the energy dissipation and the wave with double frequency of thermoelastic 
temperature change  is a specific value  (Shiozawa and Sakagami, (2015)).  The phase 2f lock-in infrared method 
utilizes a specific phase of the dissipated energy, as following equation;  
   loadD
0 meas









                (3) 
where fload and fmeas are the load frequency and the measurement frequency of the thermal camera, respectively.  A 
correlation with a negative value is set to zero.  The phase 2f lock-in infrared method is effective for removing the 
noise component such as the thermoelastic temperature change due to the harmonic vibration of fatigue testing 
machine.   
4. Results and discussion 
S-N curves for reference specimen (0% specimen) and pre-strained specimen (6% specimen) are shown in Fig. 4.  
The fatigue limit for 0% and 6% specimens are determined around 250 and 315MPa from Fig. 4, respectively.  The 
        
Fig. 3  Geometry of specimen.                                                        Fig. 4  S-N curves 
2094 Daiki Shiozawa et al. / Procedia Structural Integrity 2 (2016) 2091–2096
4 Author name / Structural Integrity Procedia  00 (2016) 000–000 
changes of dissipated energy for the stair-case like stress test are shown in Fig. 3.  The dissipated energy is obtained 
by both methods.  In this analysis,  was set to 57°.  It is found that the dissipated energy obtained by the phase 2f 
lock-in infrared method in a low stress level is smaller than that obtained by the basic 2f lock-in infrared method.  
The energy dissipation related to the fatigue damage doesn’t occur bellow the fatigue limit, so that the phase 2f lock-
in algorism can remove the apparent dissipated energy which is caused by thermoelastic temperature change due to 
harmonic vibration of fatigue testing machine.  The dissipated energy obtained by the phase 2f infrared lock-in 
method shows static change and small value in low stress amplitude and it increases from certain stress amplitude, 
in both specimens.  The fatigue limit was estimated from the results obtained by the phase 2f lock-in infrared 
method.  The estimated value of fatigue limit for 0% specimen is 257MPa and that for 6% specimen is 344MPa.  
The fatigue limit for 0% specimen can be evaluated in good accuracy, but the estimated fatigue limit for 6% 
specimen is larger than the fatigue limit obtained from S-N curve. 
The present author’s group has investigated the mechanism of energy dissipation through AFM observation prior 
to the crack initiation (Shiozawa et.al., (2014)).  It is found from these results that energy dissipation is related to the 
activities of slip band formulation and movement, so that the change of dissipated energy indicates precursory 
phenomenon of a crack initiation.  The crack initiation stress level of austenitic stainless steel coincides with the 
fatigue limit.  Therefore, it is considered that the beginning of increase in the dissipated energy coincides with the 
fatigue limit for austenitic stainless steels (Akai et.al.,(2012), (2013)).   
The change of dissipated energy for 6% specimen shows the quadratic curve near the beginning of increase in the 
dissipated energy.  This tendency of dissipated energy shows the plastic formulating effect which influence on the 
behavior of the slip band movement and formulation.  The influence of the pre-strain on the behavior of slip band 
can be observed by the optical microscope observation in these experiments.  The point where the two approximate 
straight lines cross is larger than the beginning of increase in the dissipated energy, because of the quadratic curve 
 Fig. 6  Increasing rate of dissipated energy obtained by phase 2f lock-in method 
 
 
Fig. 5  Change of dissipated energy obtained by the 2f lock-in infrared method and phase 2f lock-
in infrared method. 
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near the beginning of increase in the dissipated energy.  The dissipated energy for 0% specimen increases more 
rapidly than that for 6% specimen.  So that the point where the two approximate straight lines cross is close to the 
beginning of increase in the dissipated energy.   
To detect the beginning of increase in the dissipated energy, the increasing rate of dissipated energy against stress 
is calculated and used for the fatigue limit estimation.  The increasing rate of dissipated energy is shown in Fig. 4.  It 
is found from Fig. 4 that the increasing rate of dissipated energy shows a rapid increase from a certain stress.  The 
new estimation scheme for austenitic stainless steels based on the increasing rate of dissipated energy is proposed as 
follows; 
(1) The dissipated energy is obtained by the phase 2f lock-in infrared method. 
(2) The increasing rate of dissipated energy against stress amplitude is calculated by the n-point incremental 
polynomial method.  In this study, the 5-point incremental polynomial method was used. 
(3) The increasing rate of dissipated energy is divided into two groups, and an approximate straight line is 
generated for each group.  The grouping which minimizes the residual sum of squares is decided, like the 
conventional estimation scheme. 
(4) The point where the two approximate straight lines of the increase rate of dissipated energy cross is 
determined as the estimated fatigue limit. 
The estimated fatigue limit from this new estimation scheme ”W is 248 MPa for 0% and 310 MPa for 6% 
specimen; those coincide with the fatigue limit from S-N curve, respectively.   
 
Table 1  Comparison of fatigue limit estimation scheme. 
 Fatigue limit obtained 
from S-N curve,  
W [MPa] 
Estimated fatigue limit by 
conventional scheme,  
’W  [MPa] 
Estimated fatigue limit by 
new scheme,  
”W  [MPa] 
0% specimen 250 257 248 
6%specimen 315 344 310 
 
5. Conclusions 
The new fatigue limit estimation scheme for austenitic stainless steels was proposed.  The new scheme utilizes the 
phase 2f lock-in infrared method which is the dissipated energy analysis and the increase rate of dissipated energy.  
This scheme was applied to the pre-strained austenitic stainless steel specimen.  The fatigue limit of austenitic stain 
less steel specimen is increased by the plastic forming process.  It is found from these experiments that the fatigue 
limit for the pre-strained materials can be evaluated well by the new fatigue limit estimation scheme. 
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